Abstract-Positron emission tomography (PET) relies upon the detection of photons resulting from the annihilation of positrons emitted by a radiopharmaceutical. The combination of images obtained with PET and magnetic resonance imaging (MRI) have begun to greatly enhance the study of many physiological processes. A combined MRI-PET scanner could alleviate much of the spatial and temporal coregistration difficulties currently encountered in utilizing images from these complementary imaging modalities. In addition, the resolution of the PET scanner could be improved by the effects of the magnetic field. In this computer study, the utilization of a strong static homogeneous magnetic field to increase PET resolution by reducing the effects of positron range and photon noncollinearity was investigated. The results reveal that significant enhancement of resolution can be attained. For example, an approximately 27% increase in resolution is predicted for a PET scanner incorporating a 10-Tesla magnetic field. Most of this gain in resolution is due to magnetic confinement of the emitted positrons. Although the magnetic field does mix some positronium states resulting in slightly less photon noncollinearity, this reduction does not significantly affect resolution. Photon noncollinearity remains as the fundamental limiting factor of large PET scanner resolution.
I. INTRODUCTION
OTH POSITRON emission tomography (PET) and magnetic resonance imaging (MRI) are diagnostic imaging modalities common to neurology, cardiology, and oncology research. PET'S major strength is the ability to visualize and quantify metabolic processes. Although some metabolic imaging is performed with MRI, its main use is in anatomical imaging of soft tissue structures such as the brain. Because of the complimentary nature of these modalities, both PET and MRI find use in characterizing the physiological status of patients. Images from dual studies, however, are difficult to correlate because data from two discrete scanners are necessary. A separate procedure to spatially coregister the image sets must be performed; temporal coregistration is impossible. With a combined MRI-PET scanner, spatial coregistration is straightforward and temporal coregistration probably could be accomplished. Combining these two modalities into a single scanner would facilitate meaningful comparisons between PET and MRI data. In addition, the combination of these two imaging procedures could improve the in-plane resolution of the PET images due to the effects of a magnetic field on positron transport and the annihilation process.
PET utilizes the coincidence detection of two collinear photons resulting from annihilation of positrons emitted by radiotracers. The physics of positron transport and annihilation ultimately determine the resolution of PET scanners. Upon emission, a positron must lose most of its initial energy before it can annihilate with an electron. Thus, a positron travels some finite distance from its point of origin prior to annihilation. This phenomenon causes the original position of positron emission to be lost, producing a reduction in image resolution. The amount of resolution loss is directly related to the range and, therefore, energy spectrum of positrons emitted by the radionuclide. Derenzo [l] proposed a method to improve resolution by removing the effects of positron range by deconvolving the raw PET data with an appropriate positron range function. Due to the high frequencies present in the positron range function, statistical noise present in the data is amplified, resulting in images with increased noise P I .
If a positron annihilates while there is momentum in the electron-positron system, the resulting photons are not collinear. In order to conserve momentum their angular separation must deviate from 180'; the magnitude of the deviation is mostly dependent upon the amount of momentum. As with the positron range effects, this phenomenon tends to obscure the point of origin of the annihilation event, which causes loss of resolution. Unlike the effect of positron range, however, the effect on resolution due to photon noncollinearity is dependent upon the radius of the PET scanner. The long lever arm inherent in a large scanner tends to amplify the displacement of annihilation events caused by noncollinearity of the annihilation photons. The effect of both of these physical phenomenon on PET scanner resolution can each, to some extent, be reduced by the application of a static magnetic field.
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A. Positron Range
Positrons are emitted from proton-rich nuclei. Since the beta decay process involves three particles [proton or neutron, beta particle (positron or electron) and a neutrino (or antineutrino)], the emitted beta particles possess a spectrum of emission energies. These spectra are unique to each radionuclide and can be characterized by the maximum and average energy of the emissions. As beta particles move through matter they continually lose energy in collisions mainly with electrons present in the absorbing material. For the relatively low energy particles emitted in beta decay energy losses due to bremsstrahlung are small. The probability of interaction between a positron and an electron is given by the Bhabha scattering cross section, which is dependent upon the electron density of the absorbing medium and the energy of the positron.
B. Annihilation Photon Noncollinearity
When positrons reach thermal energies two processes can occur: the free positron either forms a bound state with an electron (called positronium) or it annihilates with an electron producing two photons (this type of decay occurs in 64% of the cases [3] ). The angular deviations of the photons emitted in free annihilations is approximately 4 mrad [4] . This comparatively large deviation is due to the high momentum of the center of mass in the free positron-electron system. Bound state positronium possesses two ground state configurations: orthopositronium, where the spins of the positron and electron are parallel, and parapositronium, where the spins are antiparallel. One quarter of the bound positrons form parapositronium, whose primary mode of decay is by selfannihilation. In this process the bound particles annihilate with each other. Due to the relatively low energy in the system, the two emitted photons have an angular deviation of approximately 0.5 mrad [5] . In very rare cases the bound positron in parapositronium annihilates with an electron bound to another atom; this results in an angular deviation similar to that produced by free positron annihilation (4 mrad). This mode of annihilation is know as the "pick-off' process. Parapositronium has a mean lifetime of approximately 0.1 ns [6] . Due to conservation of angular momentum, orthopositronium must decay by emission of three photons. Orthopositronium has a much longer lifetime (-100 ns) than does parapositronium. Because of the longer lifetime, many of the positrons in orthopositronium annihilate by the pick-off process before they are able to decay by three-photon self-annihilation. Hence, the majority of positron annihilations result in relatively large angular deviations (either from pick-off or free annihilation events), while only -17% of the decay events are by selfannihilation [4].
C. Effects of a Magnetic Field
The application of a strong static magnetic field has been proposed as a method for reducing the effects of beta particle range in a wide variety of applications. These uses of magnetic constraint range from enhancement of radiation dose absorbed by tumors [7] , [8] to protection of bone marrow during some nuclear medicine procedures [9] . Application of a magnetic field has also been suggested to decrease the loss of resolution of PET scanners caused by positron range effects 141, [lo]- [13] . All of these techniques are based upon the fact that a static homogeneous magnetic field exerts a force on a charged particle in motilon. This force, known as the magnetic componcnt of the Lorentz force, is given by where V is the positron's velocity vector, B is the magnetic field vector, and q is lhe particle's charge. The symbol x signifies the cross product vector operation. The cross-product nature insures that the magnetic Lorentz force is always directed perpendicular to the particle's path. Consequently, a static magnetic field does not do work on a moving charged particle. Since the force is perpendicular to the magnetic field's direction, the path of the positron curves about the field's axis. A particle moving parallel to the field, therefore, will experience no force. For the most common case of a positron moving at an angle to the axis of the magnetic field, a helical path results. The radius of this helix is given by Enge [14] where B is the magnetic field (Tesla, 1T = 10000 Gauss), mp is the rest mass of the positron (0.511 MeV), and Et is the component of tlhe positron's kinetic energy (MeV) perpendicular to the magnetic field. Thus, applying a magnetic field collinear with the axis of the scanner will improve only the in-plane (transaxial) iresolution of the PET scanner ( Fig. 1) .
Application of a magnetic field also affects the noncollinearity of photons emitted by annihilating positrons. The presence of a static magnetic field can mix some of the positronium states. Specifically, the m, = 0 state of orthopositronium (orthopositronium exists in m, = k l and m, = 0 states) is mixed with the m, = 0 state of parapositronium (parapositronium exists only in the m, = 0 state). It is important to remember that the decay of parapoaitronium most often results in angular deviations, which are small in comparison to photons emitted from the decay of orthopositronium. Consequently, the number of annihilation events with small photon noncollinearity is increased by the application of a magnetic field. Additional increase in PET resolution may be gained by randomizing the spin states of positronium by application of electromagnetic radiation at the Larmor frequency [which in this application will be in the radio frequency (RF) band]. Thus, an equal amount of ortho-and parapositronium will exist. Given that most emitted positrons (-64%) annihilate before forming positronium, and that alpproximately 8% of the triplet state positronium decays by self annihilation, an equal population of singlet and triplet state annihilations results in only a -10% increase in the probability of events that produce photons with small angular noncollinearity compared to the case where just a magnetic field is applied.
In this investigation, we examine the limitations on the resolution of PET scanners imposed by the physics of positron emission and annihilation. Additionally, the application of a magnetic field is explored, by computer simulation, as a means to enhance resolution beyond these limits. This study extends the previous analysis of Iida et al.
[lo], as we have included all of the effects a strong magnetic field on the resolution of PET scanners from the decrease in positron range to the potential changes in the distribution of the noncollinearity of the annihilation photons. Special attention is paid to the effect of scanner size in systems incorporating magnetic fields in their design. Distance (mm) (C) Comparison of point spread functions for a 68Ga point source predicted by the Monte Carlo software (0) with results reportedby Hammer et al., (1994) 
MATERIALS AND METHODS
Analysis of the effects of positron emission and annihilation on PET scanner configuration involved two separate Monte Carlo software packages (both developed at the University of Michigan [8], [9] ). It was first necessary to simulate the movement of positrons through tissue and the effect of a magnetic field on this motion. This process begins with selection of initial positron energies. Fermi's theory of beta decay [lS] was used in conjunction with Von Neumann's rejection method [ 161 to select positron energies. All emissions were assumed to occur at a single point and the emission directions were taken to be isotropic. The path lengths of each particle was divided into individual segments separated by interaction points. Segment lengths ( L ) were calculated 16OOO-1 using the continuous-slowing-down approximation (CSDA). The energy lost per centimeter of tissue was calculated using the Bethe-Bloch equation [17] . The amount of energy lost by positrons at collision points was estimated by the product of L and Ehoss. Histories of secondary electrons (delta rays) were not calculated to reduce computation times. It was assumed that at each interaction point positrons lose energy and are scattered. Scattering angles are assumed to be normally distributed about the origin [ 181. The width of this distribution is a function of the energy lost by the particle at the interaction point. When present, the magnetic field was directed along the z-axis of a standard Cartesian coordinate system and aligned with the axis of the scanner. The effect of the magnetic field is added by calculating the angular deflection induced by the Lorentz force (2). Each positron's history was followed until it had lost 99% of its initial energy. Once a particle has lost 99% of its initial energy it has traveled over 99% of its maximum range. Thus, this limit was chosen to aid in reducing computation time without significantly affecting the results. Typically, 100 000 particles were used in each simulation. The end points of individual positrons were stored for future use by the PET scanner simulation software.
Point spread functions (PSF) were created by a very simple simulation program. A pair of square virtual detectors (either 5 mm x 5 mm or 10 mm x 10 mm) in "coincidence" were translated across a simulated positron-emitting point source. Utilizing the end point positions calculated by the positron transport software, the trajectories of emitted annihilation photons were calculated. Given the dimensions and position of a detector pair, it was determined whether the photons struck both detectors (detection efficiency was assumed to be loo%), signaling a coincidence event. In addition, the capability to simulate the presence of a square 10-mm-high lead collimator was included. The collimator was positioned along the sides of the simulated detectors, therefore the length of the collimator was either 5 or 10 mm. Penetration or scattering from the lead was not included in the simulation. Annihilation photon emission angles were randomly selected and the emissions were assumed to be isotropic. A point spread function was created by plotting the number of detected events as a function of detector position. Photon noncollinearity was added by selecting the angle of deviation from an angular noncollinearity distribution measured by Iaci et al. [19] . This distribution was modeled with a bi-Gaussian function with narrow and broad components. The narrow Gaussian component models self-annihilation positronium decay events and the broad portion models the larger deviations due to free and pick-off annihilations. Approximately 17% of the events are due to self-annihilation events. Magnetic mixing of states tends to slightly enhance the amount of area under the narrow Gaussian curve with a concomitant decrease in the area under the broader Gaussian. Mixing is saturated at magnetic field strengths above a p p r o x i m a t e l y 1.0 Tesla [6].
When a magnetic field is applied, the angular noncollinearity is selected from a single suitably modified distribution (no magnetic field strengths less than 2 Tesla were utilized in this study) calculated from results reported by Iaci et al. [ 191. The probability of a self-annihilation event occurring increases slightly to approximately 21%. The effect of RF mixing of states was simulated by increasing the probability of self annihilation events from 21-23%, with a concomitantly reduction in the probability of pick-off or free decays. Angular deviation is added to the initial emission angle of one of the photons, either photon can become noncollinear. The resulting PSF's were fit to a Gaussian function; the full width at half maximum (FWHM) of the fit function is reported as the simulated scanner resolution. The effects of Compton scattering were not included in the simulation. Simulated scanner radii ranged from 5-50 cm and magnetic field strengths ranged from 0-15 Tesla.
RESULTS
First, the Monte Carlo software's predictions of point spread functions were validated by comparison to results measured at several different magnetic field strengths by Hammer et al. [13] . Fig. 2 shows this comparison. The very good agreement between simulated and experimentally determined results indicate that the software was producing reliable predictions of PET scanner resolution with and without the presence of an applied magnetic field. Fig. 3 demonstrates the effect on scanner resolution of positron range and photon noncollinearity. Note that an ideal PSF (no physical effects) measured at the center of the scanner has a triangular shape. This pattern is governed by the solid angle subtended by the point source on to the faces of the detectors. Both physical phenomenon (positron range and photon noncollinearity) act to smooth the ideal PSF, thus reducing resolution. respectively. For 10 mm x 10 mm detectors, the reductions were -13% and -16% at 5 and 10 Tesla, respectively. Fig. 5 displays similar data for an "F (maximum energy = 0.635 MeV) point source. Average reductions in PSF FWHM for the 5 mm x 5 mm detectors were -2% and -3.5% for 5 and 10 Tesla, respectively. In addition, -0.5% and -1.5% average reductions in PSF FWHM at 5 and 10 Tesla, respectively, for 10 mm x 10 mm detectors were calculated. Fig. 6 shows a plot of FWHM of a PSF measured with 5 mm x 5 mm detectors versus magnetic field strength for PET scanners with 10-and 30-cm radii. Finally, Table I presents a list of some of the most commonly used PET radionuclides and the maximum energy of their emitted positrons. Note that, as expected, the FWHM was greatest for radionuclides that emit higher energy positrons. Also shown are the effects on resolution of a representative simulated PET scanner when a 10-Tesla magnetic field was applied. The effect of RF mixing on scanner resolution at 10 Tesla is also given.
IV. DISCUSSION
Physical processes inherent in the PET scanning technique ultimately limit the intrinsic resolution of tomographs. Perhaps the most fundamental of these phenomena are effects due to positron transport and annihilation-photon emission. These processes smooth the ideal scanner response, resulting in loss Fig. 3 . A potentially effective method to reduce these effects is to reduce the range of positrons and noncollinearity of annihilation photons by the application of a strong static homogeneous magnetic field.
The plots in Fig. 4 and data in Table I illustrate that resolution can be significantly enhanced by the application of a strong magnetic field when a high-energy positronemitting radionuclide (such as 6sGa) is to be utilized. It is also apparent from the results shown in Fig. 4 that blurring caused by annihilation-photon noncollinearity remains virtually unaffected by magnetic mixing of the positronium states. Hence, it is this effect, not positron range, that endures as the most significant limiting factor of PET scanner resolution. In contrast to the data displayed in Fig. 4 , the data shown in Fig. 5 for I8F illustrates that very little resolution improvement is achieved by application of a magnetic field. This result is not unexpected, since the average range of positrons emitted from lSF (-1.84 mm) is small relative to positrons emitted by 68Ga (-4 mm) [20] .
Both data sets ("F and 68Ga) do, however, share common characteristics from which some significant conclusions can be drawn. First, tomograph resolution is intimately related to the radius of the scanner. This relationship is due mainly to photon noncollinearity. Greater lever arms allow amplification of the blurring effects of photon noncollinearity. Therefore, as noted by many, the ring diameter of PET tomographs plays a major role in determining a scanner's intrinsic resolution limits. These data sets also emphasize the point that a higher relative increase in resolution is obtained by utilizing magnetic confinement in conjunction with high-resolution scanners. For example, with an applied field of 5 Tesla, the PSF FWHM decreases by about 21% for 5 mm x 5 mm detectors, while for 10 mm x 10 mm detectors a 13% decrease is expected. The PSF's of scanners utilizing 10 mm x 10 mm detectors obviously have larger FWHM than those obtained from scanners with 5 mm x 5 mm detectors. Since reduction of positron range is independent of detector size, the relative change in FWHM of the PSF's necessarily become smaller as detector dimensions (and FWHM's) increase. Thus, we expect that even greater gains in resolution are obtainable with scanners with detectors smaller than 5 mm x 5 mm. This assertion is supported by the results reported by Hammer et al., which showed that FWHM's of a detector pair with 1-mm-wide slits were reduced by -30% and -51% at applied magnetic field strengths of 5 T and 10 T, respectively, for a 6sGa point source [13] . It is also important to note that magnetic constraint only occurs in the plane perpendicular to the direction of the magnetic field, as demonstrated by the plots in Fig. 1 . Assuming that the magnetic field is collinear with the axis of the PET scanner, we expect, therefore, that only the transaxial resolution will improve, leaving axial resolution virtually unchanged.
Enhancement of annihilation events that produce photons with small angular deviations from 180" by magnetic mixing of positronium states is small. Hence, this effect produced little improvement to PET camera resolution. In addition, the results presented in Table I demonstrate that using RF radiation to induce equal population of positronium states only slightly improves resolution (-3% reduction of PSF FWHM) of a representative PET scanner.
Clearly, magnetic enhancement of PET scanner resolution will be most efficient in high-resolution PET cameras where loss of resolution due to photon noncollinearity is small. Therefore, PET scanners such as those designed for small animal research [21] will benefit most from the effects of magnetic confinement. A strong case for the development of such high-resolution small diameter animal PET scanners to evaluate new pharmaceuticals was made by Hichwa [22] . Indeed, positron range effects are more severe in small animal studies because of the often tiny dimensions of these animals' organs. The effects of positron range has limited the choice of radiopharmaceuticals utilized in animal evaluations to those that are labeled with radionuclides emitting relatively lowenergy positrons (e.g., "F). The use of magnetic constraint could allow the investigation of new radiopharmaceuticals labeled with radionuclides (e. g., llC and 62Cu) that emit higher-energy positrons. Furthermore, autoradiographic methods using beta-emitting radionuclides may also be improved by the application of magnetic fields. Degradation of resolution from beta range effects could be reduced by the magnetic constraint of these energetic particles. This application has been successfully demonstrated in a preliminary study by Meyer [23] .
The results presented in Fig. 6 demonstrate that the reduction of PSF FWHM becomes saturated at high magnetic field strengths. Increasing the magnetic field above approximately 12 Tesla produces relatively small improvements in resolution. Thus, there is a limit upon the field strength desirable for future PET scanners that incorporate magnetic fields. It should be noted that at field strengths below 12 Tesla the improvement in resolution is significant. For example, at 5 Tesla the average intrinsic resolution increases by approximately 2 1 % (for 68Ga). Hence, existing high-field MRI scanners may be effectively utilized to enhance PET scanner resolution.
Possibly the most challenging aspect of designing a MRI-PET scanner will be selection of radiation detection systems that can operate in high-magnetic-field environments. Photomultiplier tubes, which are commonly used to collect and amplify scintillation light, are highly sensitive to the effects of magnetic fields and hence will present difficulties in this application. Therefore, the use of alternative devices such as avalanche photodiodes [ 121, silicon photodiodes [ 131, and fiber-optically coupled photomultiplier tubes are being explored. In addition, the effects of RF on signal quality and introduction of field inhomogeneities caused by the presence of the detectors are currently under investigation. The incorporation of a PET scanner with an MRI scanner may prove to be economically unfeasible. Alternatively, a separate removable PET scanner module designed to fit inside a standard MRI machine could be constructed. Therefore, the PET detectors are in the MRI scanner only when needed. This would aid in reducing cost, since the owner of an existing MRI scanner need only acquire the PET module and its associated electronics. The detectors, configuration, and scanning protocols to be used with a combined MRI-PET scanner are subjects of ongoing research and are beyond the scope of this investigation. The ultimate goal, however, is to produce a device that can acquire simultaneous (or near simultaneous) MRI and PET images.
V. CONCLUSION
In conclusion, we have verified that the application of a strong static homogeneous magnetic field can significantly enhance the resolution of PET scanners, especially for highenergy positron-emitting radionuclides and high-resolution scanners. The effect of annihilation photon noncollinearity, however, limits improvements. While the magnetic and RF mixing of quantum states of positronium will reduce the noncollinearity of some annihilation photons, the change is too small to produce a significant improvement of resolution. Therefore, annihilation photon noncollinearity remains as the process that ultimately limits the resolution of large PET scanners. The radius of any future MRI-PET scanner must thus be optimized to enhance the resolution gains achieved by magnetic confinement. In smaller devices, such as those designed for animal studies, magnetic reduction of positron range allows for the broadening of the choice of radiopharmaceuticals. Possibly the most significant advantage of combining a PET scanner with a magnet is the potential for obtaining near-simultaneous MRI and PET scans. Thus, vastly simplifying the spatial and temporal fusion of data from these two complementary medical imaging modalities. The future of combined MRI-PET machines depends upon the ability to physically combine the necessary hardware and perhaps more importantly the desire to proceed with such a coupling.
